Carbohydrates exhibit many physiologically and pharmacologically important activities, yet their complicated structure and sequence pose major analytical challenges. Although their structural complexity makes analysis of carbohydrate difficult, mass spectrometry (MS) with high sensitivity, resolution and accuracy has become a vital tool in many applications related to analysis of carbohydrates or oligosaccharides. This application is essentially based on soft ionization technique which facilitates the ionization and vaporization of large, polar and thermally labile biomolecules. Electrospray-ionization (ESI), one of the soft ionization technique, tandem MS has been used in the sequencing of peptides, proteins, lipids, nucleic acids and more recently carbohydrates. The development of the ESI and tandem MS has begun to make carbohydrate analysis more routine. This review will focus on the application of the ESI tandem MS for the sequence analysis of native oligosaccharides, including neutral saccharides with multiple linkages, and the uronic acid polymers, alginate and glycosaminoglycans structures containing epimers.
INTRODUCTION
Glycosylation is a common post-translational modification to cell surface and extracellular matrix proteins as well as lipids. As a result, cells carry a dense coat of carbohydrate on their surface that mediates a wide variety of cell-cell and cell-matrix interactions that are crucial to development and functions. Carbohydrates are biomolecules having very complicated structures. Their diverse monosaccharide residues, different modes of linkage ( -and -anomers at multiple positions), their linear or branched structures with different length and presence of various substituent groups (sulfo, phospho, acetyl and methyl etc.) contribute to the chemical heterogeneity, and structural complexity of carbohydrate. So it is essential to determine these biomolecular structures in order to understand their biological functions. Recent development in biological mass spectrometry makes structural determination much easier. This is primarily the result of the invention of the "soft ionization" techniques, [1, 2] which permit the ionization and vaporization of the large biomolecules such as peptides, proteins, lipids, nucleic acids and carbohydrates. Soft ionization include both matrixassisted laser-desorption-ionization (MALDI) [3] and electrospray ionization (ESI) [4, 5] widely used to detect biological samples and to analyze unknowns in the combination with tandem MS (MS/MS) techniques [6] . In addition, improvements in mass spectrometer performance, including sensitivity, resolution, and mass accuracy have opened the door for many novel analytical applications related to large *Address correspondence to this author at the Departments of Chemistry and Chemical Biology, Center for Biotechnology and Interdisciplinary Studies, Rensselaer Polytechnic Institute, Troy, New York 12180, USA; E-mail: linhar@rpi.edu biomolecules. ESI can be coupled with the "nanospray", [7] which vastly improved the sensitivity, and with HPLC or CE separation methods [8] to enhance the sensitive analysis of polar molecules.
Since the initial development of the ESI and tandem MS these methods have been greatly enhanced resulting in their acceptance as a powerful techniques for the analysis of the structure and sequence of carbohydrates or oligosaccharides in industrial and academic settings. Fragment-ions are critical for the sequence of carbohydrates [9] [10] [11] . The nomenclature for oligosaccharide fragmentation was established by Domon and Costello [12] . Based on these rules the fragment ions that contain a non-reducing terminus are labeled with uppercase letter from beginning of the alphabet (A, B, C), and those that contain a non-reducing terminus of the oligosaccharide or the aglycon are labeled with the letters from the end of the alphabet (X, Y, Z). Subscripts are used to indicate the cleaved ions. The A and X ions are produced by the cleavage across the glycosidic ring, and are labeled by assigning each ring bond a number and counting clockwise from 0 (which is between the oxygen and the anomeric carbon) to 5, superscripts indicate the ring bond number. Ions produced from the cleavage of successive residues are labeled: A m , B m , and C m with m = 1 for the non-reducing end and X n , Y n , and X n with n = 1 for the reducing-end residues. Y 0 and Z 0 refer to the fragmentation of the bond to the aglycon. The fragments produced by double glycosidic cleavage are labeled with D. The subscripts indicate the two cleavage glycosidic bonds counting from non-reducing end like B and C-type [13] .
The mass spectrometric analysis of proteins, peptides [14] [15] [16] [17] , lipids [18] [19] [20] [21] and DNA [22] [23] [24] [25] is much more highly developed relative to those for carbohydrates, in which tandem mass spectrometric product-ion patterns are more complex, and the results depend on the types of derivative and precursor-ion used. Thus, the sequence analysis of the carbohydrate is considerably difficult than for proteins, lipids and DNA. In most cases, one analyzes the protonated forms of underivatized proteins and peptides and tandem MS results in definition of a complete sequence or of a partial sequence that is useful in the identification of peptides coupled with data base reaching. In sequencing oligodeoxynucleic acid by ESI tandem MS, mass ladders are identified by sequentially adding each of the four possible nucleotide masses, and by searching the spectrum for the best match with expected ions. In carbohydrate mass spectral analysis, native structure, fully derivatized structure, or reducing terminal derivatives, or of analyzing native structures are often examined. An analyst must choose behave protonated, metal-cationized ions. In addition of glycosidic cleavage fragment ions, ions produced by cleaving glycosidic bond between two neighbored monosaccharide residues, crossring cleavage fragment ions present as a series of crucial information of sequence of carbohydrates. A great number of epimer or isomer occurs in oligosaccharides. Though all of these challenges make carbohydrate analysis more complicated than other biomacromolecules in ESI tandem MS, many analysts work on it and delineate a hopeful future. As a result in recent years there has been a divergence of published structural analysis methods in carbohydrate mass spectrometry field. This review focuses on using ESI tan-dem MS in negative mode to analyze the native carbohydrate with diverse structural properties, including neutral oligosaccharides, oligouronic acids and sulfated oligosaccharides.
SEQUENCE ANALYSIS OF NEUTRAL OLIGO-SACCHARIDES
ESI tandem MS has been widely used in the analysis of the neutral oligosaccharides following derivatization, e.g., permethylation [26] [27] [28] [29] or reducing terminal derivation [30] [31] [32] [33] [34] . Most recently, ESI tandem MS had been successfully used to analyze underivatized neutral oligosaccharides, in which the sequence, both linkage information and difference of the isomeric structures can be confirmed through a series of A-, B-, C-and D-type cleavage ion peaks in the resulting spectrum.
In one example, a series of neutral oligosaccharides, extracted and purified from human urine [13] , were analyzed by ESI-CID-MS/MS in negative-mode. In these neutral glycans, there are fourteen linear and mono-, di-, and trifucosylated oligosaccharides. The CID spectra of these oligosaccharides demonstrated that sequence and partial linkage information can be derived and isomeric structures can be differentiated.
Two linear tetramers of LNT (Gal 1-3GlcNAc 1-3Gal 1-4Glc) and LNnT (Gal 1-4GlcNAc 1-3Gal 1-4Glc) showed some differences in their spectra. The fragmentations were assigned in Scheme 1. Besides the glycosidic cleavage fragment ions (C 1 at m/z 179, C 2 at m/z 382, C 3 Interestingly, the deOHex linkage at the 3-position of the terminal -4 Hex is also labile and can undergo fragmentation consistent with a double cleavage of D-type similar to a 3-linked HexNAc. The resulting D 4-4 fragment ion at m/z 688 serves to define the deOHex 3-linked to the Hex. As HexNAc and Hex have the same stereoconfiguration, the favorable D-type fragmentation occurs in both 3-linked HexNAc(GlcNAc) and Hex (Glc) but not in a 3-linked Hex (Gal). Thus, LNFP I, II, III, and V are readily differentiated by the distinctive ions at m/z 202, 348, 364, and 688, respectively, allowing the sequence of these oligosaccharides to be deduced. Others di-, and tri-fucosylated oligosaccharides showed ESI-CID-MS/MS spectra, that could be similarly interpreted [13] . In another example, the spectra of nine branched oligosaccharides prepared from human milk [35] , LNH, Gal 1-4GlcNAc 1-6 (Gal 1-3GlcNAc 1-3) Gal 1-4Glc, showed some sequence information, which include the product-ion spectra of singly charged and doubly charged ion. The fragmentations of the precursor display different patterns as shown in the Scheme 3. ESI multistage MS was also used for sequencing these oligosaccharides by Karas and his collaborators [36, 37] . For example, in analysis of LNT (Gal 1-3GlcNAc 1-3Gal 1-4Glc) and LNnT (Gal 1-4GlcNAc 1-3Gal 1-4Glc), the MS 3 were performed on the C 2 m/z 382 produced in MS 2 . The product ions at m/z 202, 179 and m/z 281, 263, were observed in the MS 3 spectra of both LNT and LNnT. The presence of A-type cross-ring cleavage ions at m/z 281, 263 in MS 3 spectrum of LNnT results 1-4 linkage between Gal and GlcNAc residues, while the sequence of LNT was reflected by the cleavage ions at m/z 202, 179. This results confirmed the sequence analysis only using MS/MS [13] . For other more complicated structures, MS 2 , MS 3 and even MS 4 were applied to obtain the sequence information.
Linear and branched neutral oligosaccharides could be sequenced in linkage and substituent pattern by ESI tandem MS. However, the identification of epimer in neutral oligosaccharides is still a major challenge for this method.
SEQUENCE ANALYSIS OF URONIC ACID OLIGOSACCHARIDES FROM POLYSACCHARIDES
ESI-SID-MS/MS has been applied to sequence oligogalacturonic acid [38] and alginate [39] . Polygalacturonic acid is a kind of homo-polymer that can be broken down to homo-oligosaccharides. Multi-stage ESI-MS and isotopic labeling (O 18 ) at the position 1 of the reducing end [39] [40] [41] were used to confirm the fragmentation pattern in the MS spectrum of the oligouronic acid. Alginate, [42, 43] is an acid linear polysaccharide, consisting of -L-guluronic and -D-mannuronic acid exclusively containing 1-4 linkages. Homo-oligomeric regions include a mannuronic acid (M) block and guluronic acid (G) block. Alginate also contains a hetero-oligomeric region, the (MG) block. The alginate sequencing requires that the mannuronate and guluronate epimers be distinguished, one of the most challenging tasks in MS analysis. Using ESI-CID-MS/MS, it was possible to distinguish epimers of mannuronate and guluronate along the chains, affording the sequences of a series of homo-and hetero-oligosaccharides of alginate.
The product-ion spectra of homo-trisaccharides (G3 and M3) (Fig. 1) showed the major ions at m/z 369, 193 and 175.
These ions are produced from single glycosidic bond cleavage and can be assigned as C 2 /Y 2 , C 1 /Y 1 and B 1 /Z 1 , respectively. These fragments are derived from either the reducing or non-reducing termini, indicating linear sequences HexAHexA-HexA. Weak A-type ions, e.g. 0,2 A (m/z 309 and 485; note the 5-fold magnification factor applied to specific regions), 2, 5 A (m/z 291 and 467) and 0,4 A 3 ions (m/z 471) are also observed in both spectra.
Non-reducing terminal M and G give identical ions C 1 (m/z 193), B 1 (m/z 175) together ions at m/z 157 and m/z 131 associated with the dehydration and decarboxylation (Figs.  1a and 1b) . Thus it is impossible to differentiate the two residues at a non-reducing terminus. However, identification of the two residues at an internal or reducing terminal position can be made by careful comparison of some specific, albeit weak, fragment ions. An internal M produces a unique ion at m/z 307, whereas an internal G does not afford this ion. The ion m/z 307 can be explained by a decarboxylated Z 2 (Z 2 CO 2 ). Decarboxylation cannot be used as a criterion to differentiate M/G at either the reducing or non-reducing termini, as decarboxylation is not observed for M at a reducing terminus while a decarboxylated B 1 (m/z 131) is observed for both M and G at the non-reducing termini. A Fig. (1b) , while a lower ratio in Fig. (1a) suggests the presence of reducing terminal G. Hence, it is not unexpected that 0,4 A red fragmentation is more favorable for a reducing terminal G and 2,5 A red fragmentation is more favorable for a reducing terminal M.
In the analysis of large hetero-oligomeric oligosaccharides, the same rules can also be applied. However, for longer oligosaccharide chains, the M residue next to the reducing terminus produces the strongest Z int CO 2 ion, while an internal M next to the non-reducing terminus produces the weakest. Using this method, the sequence of various alginate oligosaccharides, even very large oligomers can be established using ESI-CID-MS/MS. Different uronic acids (glucuronic and iduronic acid) also occur in glycosaminoglycans (GAGs). Amster and his coworkers [44] used ESI-electron detachment dissociation (EDD)-MS/MS to distinguish the glucuronic (GlcA) and iduronic acid (IdoA) in two pairs of tetrasaccharide epimers of heparan sulfate ( UA-GlcNS-GlcA-GlcNAc, UAGlcNS-IdoA-GlcNAc and UA-GlcNH 2 -GlcA-GlcNAc, UA-GlcNH 2 -IdoA-GlcNAc) The diagnostic ions for GlcA are the 0,2 A 3 ,
[B-H] -. and [B-H-CO 2 ]
-. product ions. IdoA can be distinguished by the absence of these ions in the EDD mass spectrum. The spectra of UA-GlcNS-GlcA-GlcNAc and UA-GlcNS-IdoA-GlcNAc are shown in Fig. (2) .
SEQUENCE ANALYSIS OF GLYCOSAMINO-GLYCANS-DERIVED SULFATED OLIGOSACCHA-RIDES
Sulfated polysaccharides and oligosaccharides show a great variety of bioactivities important in physiological and pathophysiological processes [45] . Glycosaminoglycans (GAGs) are a family of structurally complex, polydisperse linear polysaccharides, composed of the disaccharide repeating units. The GAG, heparin, is used as a pharmaceutical agent to control coagulation, and is representative of the bioactivity associated with such complex, and large biomolecules [45] [46] [47] . The structural character of GAGs are often determined by disaccharide compositional analysis of the relying on HPLC [48] and CE [49] . Recently MS has been recognized as a powerful technique for both the disaccharide analysis and sequencing of GAGs [50] . The sequence analysis of GAG oligosaccharides by ESI tandem MS is a relatively new approach. The acidity and lability of the sulfo groups, as well as the different linkage type and presence of uronic acid make analysis by mass spectrometry extremely challenge. Recently, much effort has been applied to GAG analysis using ESI tandem MS. ESI is generally recognized as mild ionization method useful for polar com- pounds and is known to result in less sulfo group bond cleavage than MALDI [51] . Successful ionization and detection of GAG-derived oligosaccharides by ESI tandem MS, including hyaluronan (HA), [52] [53] [54] [55] keratan sulfate (KS), [56] [57] [58] chondroitin sulfate (CS), [59] [60] [61] [62] [63] [64] [65] dermatan sulfate (DS), [66] heparin/heparin sulfate (Hep/HS), [66] [67] [68] [69] [70] [71] [72] [73] oligosaccharides have been widely reported.
Hyaluronan (HA)
The chemical structure of hyaluronan was determined in the 1950s in the laboratory of Karl Meyer [74, 75] . HA is a homocopolymer of D-glucuronic acid and D-acetylglucosamine. This disaccharide repeating unit is linked through alternating -1,4 and -1,3 glycosidic bonds. HA is structurally simplest member of the GAG family and is unique among the GAGs in the absence of sulfo groups. ESI tandem MS has been performed hyaluronan oligosaccharides containing both an even-and odd-number of saccharide residences [52, 53] , and glycosidic fragment ions are observed with single or multiple charges. Since there is no sequence heterogeneity in HA, the structure is confirmed by chain length. Fragment ions can be useful for determining the terminal sugars in the HA oligosaccharides. Fragment ions show difference of m/z=174.
Keratan Sulfate (KS)
Keratan sulfate is a GAG that does not contain an uronic acid. Its disaccharide repeating units is composed of alternating residues of D-Gal and D-GlcNAc with alterative 1-4 and 1-3 linkages. KS has variable chain length and variable degree of substitution with sulfo groups at 6-position of both Gal and GlcNAc [76] . The ESI tandem MS has recently been employed to analyze KS oligosaccharides. Oguma, [57] Zhang [58] and Hirabayashi [56] analyzed KS oligosaccharides using ESI tandem MS, and obtained similar results.
A series of keratan sulfate oligosaccharides were sequenced by Hirabayashi and coworkers [56] Nine additional KS oligosaccharides were analyzed using this multistage MS process. The fragmentation rules and diagnostic ion m/z values for KS are summarized in the Table 2 . Using these fragmentation rules the sequence of KS oligosaccharides can be determined.
Chondroitin Sulfate (CS)
Chondroitin sulfate GAGs are unbranched polysaccharides of variable length containing D-GlcA (1-3) D-GalNAc a repeating disaccharide unit. Some GlcA residues are epimerized into L-IdoA in dermatan sulfate also known as CS-B. Each monosaccharide residue in CS may be unsulfated, mono-sulfated, or di-sulfated. Most commonly the hydroxyls of the 4 and 6 positions of the GlcNAc residues contain O-sulfo groups [77] [78] [79] . CS-A contains GlcA and most (often 90%) of the GalNAc residue contain minor amount of unsulfated or 6-O-sulfo substituted GalNAc residues. CS-B and CS-C contain IdoA or GlcA, respectively and most (often 90%) of the GalNAc residues contain 4-Osulfo groups with minor amounts of unsulfated and 6-Osulfo group containing GlcNAc residues. CS-D, -E, and -K are oversulfated, containing 2-, 6-di-O-sulfo, 4-, 6-di-O-sulfo and 3-, 4-di-O-saulfo group substitution, respectively [80] .
The ESI tandem MS was used to confirm the sequence of the CS oligosaccharides with respect to the position of sulfo groups in GalNAc sufation [64, 81] . For example, various collision energies were used to dissociate the precursor molecules in CID cell, and tandem MS was performed on precursor molecules having diverse charge states by Zaia and collaborators [64] . Based on the data obtained from various experiments, the sequence and cleavage mechanism of the CS oligosaccharides analyzed by the ESI tandem MS was established. Unsaturated reduced, unsaturated, and saturated di-, tetra-, hexa-, and octasaccharides of CS-A and CS-C were each investigated.
The fragment ions from a saturated tetrasaccharide (GlcA1-3GalNAc4S1-4GlcA1-3GalNAc4S) were produced at collision energy -10, -20, and -30 V, in which the tandem MS performed on the multiply charged molecular ion m/z 467, [M-2H] 2-( Table 3 ). The data shows increasing complexity of fragmentation as collision energy is decreased. The precursor-ion minimally fragments at -10V collisional energy. At -20V, ions corresponding to Y 1 1-, Y 3 2-, B 3 1-, and precursor are observed in moderate relative abundance. The Y 1 1-ion is the most abundant ion in the spectrum at -30V collision energy, and the precursor-ion is not detected. The unsaturated reduced oligosaccharide was analyzed under The number of sulfate and/or carboxylate (n), as well as molecular weight (M) is determinable.
Dehydration ([M-H2O-nH]
n -) and 0,2 Ar cleavage occur in most oligosaccharides.
The dehydration is ascertained to take place between C-2 and C-3 of reducing GlcNAc. were also observed at the -20V collision energy, although the m/z values shifted by 18 and 2 amu as the result of the double bond at nonreducing termini and alditol at the reducing termini. The best collision energy for the dissociation of the precursor to produce the glycosidic cleavage ions, important for oligosaccharide sequencing is -20V. This collision energy also is useful in locating the sulfo group with in the GlcNAc residue. Ions at m/z 282 and 458 were observed in spectra of both unsaturated reduced and saturated oligosaccharide. Since the former differs from the latter in structure at both reducing and nonreducing termini, they contain neither terminus and result from multiple bond cleavage. These ions are at low abundances between -10 and -20 V collision energy, and their percent of total ion abundance further diminishes between collision energies of -30 and -40V. The ions observed at m/z 282 and 458 in the CID product-ion spectra of CS-A tetrasaccharide correspond to internal product ions. This type of internal fragment ions is useful for confirmation of the linkage configuration in sequencing [13, 35, 54] . Internal cleavages are observed with the appearance of the residues of -3GlcNAc in the tandem MS spectra of the multiply charged molecular ions. Thus, ions at m/z 458 first observed at collision energy of -20V correspond to fragment ions of D 1-3 , which undergoes further fragmentation. Higher collision energies increase in the percent total ion abundance observed for the ions corresponding to 282 1- (D 1-2 ), Y 1 , and B 1 . The same fragmentation was observed in the analysis of tetrasaccharides of CS-C, hexa-and octasaccharides of CS-A and CS-C. Glycosidic cleavage fragment ions B n , C n , Y n , and Z n (where the n=odd), were produced of CID on multiply charged molecular ions.
ESI tandem MS was also performed on the singly charged ions of this oligosaccharides of CS ( Table 3) . The product-ion mass spectrum of the saturated tetramer of CS-A shows abundant ions corresponding to [M- H-SO 3 ] -, Y 2 , and B 2 . Other ions include sulfate-adducted Y 2 and B 2 , but these ions are observed at reduced abundance. The identity of ions corresponding to glycosidic cleavage was also confirmed from the product-ions of corresponding alditols and unsaturated oligosacchardes. Differences of product-ion patterns for singly charged ions and doubly charged ions were observed. CID performed on singly charged precursor and produced a much greater abundance of ions produced from loss of SO 3 or H 2 SO 4 loss from the precursor ion, and formation of B 2 and Y 2 ions in place of odd numbered B n and Y n ions, and the generation of product ions containing an additionally adducted sulfo group. Differences are also observed in the product-ion spectra of hexa-and octasaccharides. These differences imply the singly-and multiply-charged ions have significantly different conformations, producing different fragmentation patterns. The multiply-charged ion is expected to adopt an extended conformation keeping its charges separated. A more compact conformation is possible for singly-charged ions. The MS data are consistent with transfer of a protonated sulfo group to an oxygen atom elsewhere in the molecule prior to (or concurrent with) glycosidic bond cleavage [57] .
When CID was performed on the multiply-charged ions of the CS oligosaccharide, internal cleavage ions are observed. These confirm the presence of a 1-3 linkage. Odd numbered, glycosidic cleavage ions are observed where the charge equals number of sulfo group. When CID was performed on the singly-charged ions of the CS oligosaccharides, the even numbered glycosidic cleavage ions are observed in addition to those with odd numbered ions. Thus, the sequence of the CS oligosaccharides could be confirmed with the ESI tandem MS.
Heparin and Heparan Sulfate (Hep/HS)
Heparin and heparan sulfate are two closely related GAGs and are the most structurally complex members of this family of molecules. The main disaccharide unit that occurs in heparin is composed of a 2-O-sulfo IdoA and 6-O-sulfo, N-sulfo GlcN linked in alternatively 1 4 linkage. Minor sequences contain GlcA, a reduced number of sulfo groups as well as N-acetyl groups. The main disaccharide unit in heparan sulfate is composed of GlcA 1 4 linked to GlcNAc, this disaccharide typically making up approximately 50% of the total disaccharide units in heparan sulfate [82, 83] .
Tandem mass spectra are applied to afford patterns of glycosidic bond and cross-ring cleavages from which saccharide sequence can be deduced. For example, multi-stage ESI tandem mass spectrometric analysis was performed on a series of heparin-like glycosaminoglycans [84] , in which abundant glycosidic bond cleavages result, despite the high degree of sulfation. CID production mass spectra generated from the multiply charged molecular ion peaks, those combined with sodium cations and those combined with calcium cations in a tetrasulfated trisaccharide, a pentasulfated tetrasaccharide, and an octasulfated pentasaccharide result in abundant ions corresponding to glycosidic bond even cross-ring cleavage. These spectral data demonstrate that abundant glycosidic bond cleavages can be obtained, provided that most of the sulfo groups are charged. Repulsions from such charges are likely to destabilize glycosidic bond, and to make their rupture energetically favorable when compared loss of SO 3 from the precursor ion. The nomenclature used assumes the protons are displaced with metal cations, and only the loss of protons confers charge on the ion. More sequence information is produced from the CID mass spectra of metal combined precursor ions than from ions without metal cations. This sequence information takes the form of glycosidic-bond and cross-ring cleavages. was observed that lability of sulfo groups follow the order SO 3 -> SO 3 Na > SO 3 (1/2) Ca + . Pairing the sulfated oligosaccharide anions with metal cations serve to increase sulfo group stability so that abundant backbone cleavage fragments are observed, allowing more complete sequencerelated data to be obtained in a single MS stage. This result has also confirmed in the MS analysis of sulfated peptides [85] .
In addition to the direct analysis of oligosaccharides, the composition analysis of disaccharides units was an effective strategy for the characterization of the structure of GAGs. Recently the 8 disaccharide units of Hep/HS were distinguished quantitatively by Leary and coworkers [71, 72, 86] using ESI tandem MS. The 8 disaccharide standards were listed in the Table 4 , include nonsulfated, monosufated (Oor N-), disulfated (O-and O-or N-) , and trisulfated (O-, Oand N-), saccharide were distinguished by ESI-MS based on the differences in their molecular mass. The O-monosulfo isomers ( UA-GlcNAc6S and UA2S-GlcNAc) and O, Ndisulfo isomers ( UA2S-GlcNS and UA2S-GlcNS6S) were differentiated by tandem MS using product-ion spectra generated by MS 2 . Because the sulfo group can be located on the either GlcA/IduA or GlcN moieties, the glycosidic fragment ion m/z 237.0 was observed in the MS/MS spectrum of the UA2S-GlcNAc as a diagnostic ion, as well as 0,2 A 2 at m/z 357.1 was used as the diagnostic ion for UAGlcNAc6S. The 0,2 A 2 ion is observed in the MS/MS spectra of both UA-GlcNAc6S and UA2S-GlcNAc isomers, the relative abundance of the ion differs substantially and reproductively for each isomers ( Table 5 ). The roles and mechanisms of dissociation for isomeric heparin disaccharides was confirmed using isotope labeling and ion-trap tandem mass spectrometry [51] . Quantitative analysis were performed by calculation of their contribution in the relative intensity of the diagnostic fragment ions in the total ion current (TIC) of the disaccharide mixtures [50] . The quantitative analysis of nonisomeric disaccharides was done with an internal standard UA2S-GlcNCOEt6S, which is a semi-synthetic analogue of the heparin disaccharides with different molecular weight, not found in heparin or heparan sulfate. The linearity of an equal molar mixture of the 8 disaccharides ranged from 1 to 100 pmol. The response factor ( R ) for each disaccharide was calculated at each concentration of disaccharide and found to be constant over the range from 1 to 100 pmol/ L. The disaccharide mixture with different concentrations of each disaccharide could be quantitatively analyzed by MS with the internal standard UA2S-GlcNCOEt6S and tandem MS was used to distinguish the isomers.
Quantitative analysis of disaccharide composition of Hep/HS is an effective method in partially sequencing. In conjunction with ESI tandem MS analysis of Hep/HS oligosaccharides an effective strategy can be designed for sequencing. Software, known as HOST (heparin oligosaccharide sequencing tool), was developed to analyzed sequence [86] . Each Hep/HS oligosaccharide can be subjected to two experiments. One is digestion and analysis of disaccharide composition; another is ESI-MS and MS n analysis directly without digestion. The disaccharide compositional analysis of the heparin oligosaccharide provides the identities of the building block constituents of the saccharide, as well as their relative ratios. From the tandem MS experiments on the heparin oligosaccharide, a wealth of information might be obtained. The main types of dissociations observed in the product-ion spectra were neutral loss of a small molecule (SO 3 , H 2 O, CO 2 ), glycosidic cleavage (B, C, Y, Z-type), and cross-ring cleavage ( 0,2 A, X-type). The productions generated by these cleavages can provide information on sequence and identity of positions of the sulfo groups. Based on the two experiments, the program (HOST) was applied to integrate the information obtained for the sequence analysis of heparin tetra-, and hexa-saccharide. HOST lists all possible structures generating a scoring system that puts the more likely structures at the top of the list and relates subsequent structural sequences to the best match of the series [71] . The sequences of Hep/HS were determined by enzymatic digestion, followed by ESI-MS and MS n analysis of the in tact oligosaccharide species. The information obtained was integrated using the HOST.
Most recently, EDD has been applied to analyze the sequence of HS oligosaccharides, such as distinguishing GlcA and IdoA in the oligosaccharides of HS [44] . In addition, Amster and coworkers [87] used EDD to sequence four tetrasaccharide ( UA-GlcNH 2 -GlcA-GlcNAc, UAGlcNH-Ac-GlcA-GlcNAc, UA-GlcNS-GlcA-GlcNAc, and UA-GlcNS-IdoA-GlcNAc6S) of HS determining both substituent position, and epimerized residues. Compared to collisionally activated dissociation (CAD) and infrared multiphoton dissociation (IRMPD) MS, EDD provides improved cross-ring fragmentation important for determining the pattern of sulfation, acetylation, and hexuronic acid stereochemistry on a GAG oligosaccharide. The MS/MS spectrum on [M-2H] -precursor ion of UA-GlcNS-IdoA-GlcNAc6S is showed in Fig. (3) . In this spectrum, predominantly singly charged even-electron product ions are observed. Some doubly charged product-ions are observed such as [M-2H-SO 3 ] 2-and 0,2 A 4 2-, as well as the Y 3 2-and Z 3 2-glycosidic cleavages. Some product-ions are observed both as product-ions with two sulfo groups as well as with the loss of one molecule of SO 3 . For example, the Z3 and Y3 product ions are also observed as Z 3 -SO 3 and Y 3 -SO 3 . This EDD spectrum exhibits peaks that result from cleavage of all glycosidic bonds as well as from abundant cross-ring cleavages. The cross-ring fragmentation of the reducing end sugar places the sulfate on C6 and identifies this sugar as GlcNAc6S. Glycosidic fragmentation identifies the sugar next to the nonreducing end as a sulfated GlcN residue. The cross-ring fragmentation places the sulfate on either the C2 amino group or C6. .- [44] . Based on the extensive fragmentation observed in EDD, these complicated sulfated oligosaccharides were sequenced unambiguously.
CONCLUSIONS
Although the analysis of complex oligosaccharides, even polysaccharides remains a challenge, recent researches to neutral, uronic acid and sulfated carbohydrate by ESI tandem MS in negative-mode suggests one possible approach. Multiply charged ions observed in the spectra of structures with highly charged species. ESI MS can complicate interpretation. But these ions also can afford many glycosidic and cross-ring cleavage fragment-ions, which contribute to the sequence analysis. Furthermore, multiply-charged ions can be utilized as precursor-ions for MS/MS analysis to successfully produce new diagnostic ions. Although the carbohydrates have different linkages and substitutes, their sequence and structure can often be confirmed based on glycosidic and cross-ring fragment-ions produced in ESI tandem MS. In these applications, ESI tandem MS in negative-mode represents a powerful, effective and sensitive technique to analyze and sequence neutral and acid, branched and linear chains, sulfated and unsulfated oligosaccharides. Using ESI tandem MS directly without carbohydrate derivatization of makes sequencing approach rapid and require only small amounts of sample. Recently, more advanced fragmentation methods such as EDD have been shown to provide complete sequence information including information on saccharide chirality. The flexibility of the methods described should facilitate the development of a fully automated sequencing methodology.
Once it is possible to quickly establish the sequence of a carbohydrate, dramatic progress will be made in correlating carbohydrate structure to the biological functions. 
